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Abstract

TAC and DC resonant charging harvdware tests were con-
ducted with a 15KW DOD standard 100 HI pgenerator as nprime
power, DC resonant charging caused vibrations of the gen-
erator a4t the pulsing frequency and instability ol the
voltage regulator due to the very itrregular generator voltage
wavetform. The input DC voltage to the pulser sagecd causiag
the performance to be lower than expected.  An analyvsis of
this problem and the theory to account for this sag 1% pre-
sented.

Problems with the triggering ol AC resonant charveing weore
not solved in time ftor this report. The experimental =ct
up of AC resonant charging is presented. AU resonant charging
caused no negative impact on the generator which 1s a great

advantage over DC resonant charging.
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1. Introduction

Backpround

This project is a study of the intortace between prave
power systems and pulse conditioning systems tor the asce in
clectrical power generation ftor future divecioed energy sys-
tems,

The Army and the Alr Force are sponsoring university
work for the Jdevelopment of computerized theoretical pre-
dictions. The results of this thesis investigation will be
used to retine and validate computer predictions which may
then be used by Army and Air TPorce scientists as desian atds
for the power supplies regquired In directed cnergy systoms,

The pulser used for these tests was constructed by
Army's ERADCOM and contained separate scctions for AC and
DC resonant charging.

Fach section contained the reosonant circuit, support

equipment, and controls.

Problem

There are several approaches to the intertace between
prime power venerating cquipment and pulse conditiening
cquipment, This 1s a study of two design approaches, these
are DC resonant charging and AC resonant charging.

General arcas to be observed are the impact on the
prime power cquipment of the charving scheme used and the

performance of the charging method with this particular

4"'----lIl-.---I-I-.----...-_-..-..-...E,jl‘
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Kind ot »lae power source.  Attention s 2iven to vr uni:sn
nethods, cloectro-mayietic phenowena, povsical fayvout of the

components, and control requircrents,

A R e g - petotner ol

Scope

A Taboratory set up was aszembled o=l o Ty
! standard 40PHI sencrator to try o out Cavi ot Uy
!
i methods.  Theso set ups dacluded approprivce oot b, byh
i
svstem was o instramented so o actual perforsance oo a0 ﬁ

parcd with present theory.

g
AN omathematical analvsis was done fov the I po-onat
chargling =ethod uand the resulting cquations woere 20 in
two computer progiin. Mhese computer progvams proviic
the theoretical solutions to which observes perioronnce
was compared, '

The A resonant charging theory s Jdilzcussce! ant io

—

experimental set oup Jdescribod. No o data was collected oo
AT resonant chareiny since probleoms  with the trigeering
Iogic were not =oived in tine {or this repert.  Several

observations on A resonant charging are included.




11, D Resonant Charging
¢ r—— —— —————— e e )

Theory

Introduction

FThe theory of DU resonant charvinge cirenits hus long
been developed and circuits of this kind uscd for many vears.,
The problem studied here was the ofivect of DU resonuant
charging on the prime power cquipment ot a possible power
supply for Jdirected energyv weapons.,  the prime power source
was a three phasce system composed of a generator, a trans-
former, and a tull wave bridgc rectitficer,

When o gencerator has a rectitied load its voltauve
wavetorm is detormed by the commutation o!f the current on
the rectiticrs. In this case the load is also varving as
a series of halt sines and to make matters worse the Jdis-
charge pulsing ts retflected back on the cencrator wavetorm.
This irrecgular current wavetorm causes additional heat
losses in the generator windings and throughout the prime
power svstem. The generator also vibrates at the pulsing
frequency, this is so becausce the torque is proporvtional
to the load current.

The output voltage from the prime power svstom was
obscerved to drop propoertional to the load current, or sag,
during cach chareing cyvcle., A mathematical approximation
ot this characteristic was Jone and a complete analvsis of

its effect on the pulser pertformance was made.

i




This analysis is presented next, then theoretical results

obtained {rom two computer progranms are presented.  These
computer progrianswere Jdeveloped using the ecquations obtainced

trom the mathematical analysis.

Analysis of Voltage Sagging i

The sageing on the output voltage durinyg one charging
cycle 1s determined by the generator and transf{oruer roag 1

tance and the load current. The voltave revulutor Jdoes net

respond fast enough in that time period to iake any changes ‘
in the shape ot this sag. It is not Jiscussed here how to 1
determine the magnitude of this voltage sagging for a given 1
system. However, the effect of this sageing on the pulser !
performance is studied in depth. |
A DC resonant charging circuit can be represente- as in
Figure 1 helow.
L
00
S —
¢
+ gl
Vi(t)
R
;

Figure 1 bquivalent DC Resonant Circuit




In Figure 1 I is the chargine indiotance, 7 i the

total network capacitance and R 15 the oot the chareing
inductor resistance and the equivalent loal resistance,

The input voltage V(t) was represeated for this angiy-

sls as in Equation 1.

(1 - Ki (t1)

Viit) = Iébb N (1)

where Ehh 1= the peak input voltage, k is a4 constant, and
ic(t) 1s the charging current as a function of time.
Avmathematical analysis tor the circuit of Fiasure 1
with an input voltage as given by T'quation 1 is included in
Appendix A\, Thisanalysis resulted in the following cquations

for the charging currvent and the capacitor voltage respec-

tively.
b, , -V
bb "o -bt .
r (t) = WL SI1n oWt
+ 1 Cfbt(cns w ot - Q sin w ot) (N-5)
6] W
. . -bt b
S = : k ~0y QS + Y )
\CLL) Ihb (Lbb \O) e (cos w t SRR R t)
+ —3 c-bt sin w t (A-0"
wC
where,
VO initial capacitor veoltage
I0 initial inductor current
R+K I
b b
2
1
| > . .
w (TT - h™)7 = ¢ircuit resonance frequency




~d

The pulscr resonance repetition troguaency s two times
the clrcuit resonance frequency given above. From now on,
every time resonance frequency is mentioned it is referring
to the pulscer trequency.

Equations (A-5) and (\-0), and other cquations derived
in Appendix A were used to develop two interactive fortran

programs to caiculate the theoretical results.

Computer Programs

['wo computer programs were developed as an aid in pro-
ducing theoretical results. Thesce were also ured to test
the effects of changes in the systewm paramcters.  Appendix
B contains a copy of cach program and a brict description
ot how thecy work.

The {i1rst program caleulated the peak voltage in the
capacitor, peak charging current, resonance frequency, and
average power tor increasing values of input voltave sag.
This was calculated tor a given circuit and voltage level.
This data was used as input to a plotting routire and plots
of the mentioned parameters versus the sap on the input
voltage were obtained. An example of these plots is shown
in Figure 2.

For example, the sag constant on the horizental axis of
Figure 2 is 0.2 for 20% sagging on the input veltage, 0015 !
for 45%, and so on.

These plots were usceful to indicate the ditfterence in

performance for different magnitudes of voltage sageing.
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Figure 2 Plot of Average [nput lower vs. Sag Constuant

The second computer program used Equations (A-5) and
(A-6) to generate a set of values for charging current and
capacitor voltage versus time. The same plotting routine
was then used to obtain the theoretical plots; these plots
were used to compare to actual waveforms. Figure 3 on next
page shows a plot obtained with this second program. The
waveform shown in for the ideal case where the input voltage

is a constant DC voltage.
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Figure 3 Plot of Capactior Voltagpe vs. Tisc for i Sag

ttfect of Voltage Sapging

For a constant input voltage the pulser would pertorn
as predicted by Glasoe and Lebacqz (Ref 1, Chap vwi. ihi-
case is shown in VFigure 3 above. When the input voltage
sd4gs 1t 1s intuitive to say that the capacitor wiil charge
to a lower voltage and that 1t will take a longer tine to
do so compared to the ideal case., In fact that is whit
happens in reality and the mathematical analvsis retlects
just that.

Figure 1 through 7 show how the maximum voltage in the
capacitor, the resonance {requency, average power, and peak
charging current will decrease as the magnitude of the say
folou

ty

increases.  These plots are for a circuit with

(=2.58ut, R=17.57

i l\h:lHK\', and \'O: 0.1 Vo (Tt . Result s

from Figures 1 through 7 for the ideal case and 480 <oy i

summariced in Table 1 on page 13,
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Table 1  Example of Pulser Performance for
Sag Constant of 0.0 and 0.48

% SAG W V_(T.) p 1
< I oV (o8]
0 116.4 21.90 KV 72.2 KW 11.4 A
48 109.0 13.75 KV 30.0 KW 6.9 A

Prom this example and the theoretical graphs it can be
seen that the biggest impact of the voltage sag i1s on the
average power of the syvstem,

The energy stored in the capacitor network per c¢vole is

given by lLquation I.

,‘
—
—_
—
t
i
—
1.
—
ro
—_—

Lquation 3 below gives the cnergy input from the power

supply per cycle.

I avooavoor

Where qu and llv are the average input voltage and

< «

current respectively and Tr is the repetition period.

The average of the input voltage given by I'quation I is

= (1 - K 1 ) (4)

} I'hh av

av

and the average input current is (Ret 1:362).

S



Fhe effictency of DU charyging 15 given hy the ratio of
the energy stored in the network in one cvioie to the input
energy trom the power sapply during that cvele,

Dividing bguation 2 Hv bquation 3, sub-tituting the
expression oi | viven by Pguation 5, and sinplifyins we
set the following expression for the cettficiency.

Voot o o+ v
A ~—£ (G
¢ T av

Using cquations 3 through o the c¢ificiency Ter the
fdeal casce of Table 1 is 98.0% and tor the other case 1t 1s
S8 Iheretore the eftfictency 1s reduced, wintch is another
unde=trante  etiect o the voltage sag.

Pigtres 8 throuch 12 show the curvent and voltage

- o Tor the sane circuilt parameters,  Thesce oarg
plotted 1o san constant equivalent to 0, 10, 150 S0, and 15
porcent saocrny respedtivelve The first cvele on cacl plet
1= Uor coro oinsoral o veltave and the second cyvele is tor
an o mnitial o voltage dobv T

: 0 [ r

Fron the plots on the following pages we note that the
~hapce ot the charging current changes and the peak to ver
age current increases for a larger =ag on the input voliale
This increasces the heat losses throughout the circurt. et
also that the capacitor will charge to a smailer voltooe.

[t is 1mportant to recognize that T} i= difterent tor cach
case and increases with increasing sag,
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Experimental lLiquipment and Instrumentation

Flgure 13 below is a block diagram of the experimental

svstem.

.
. DC POWER
! ' LT
IR e o YT IR
| e
|
B B R - o
' I N e SN ~ . -
Tedthor Ll :~———>{ REZTIF Z0S —tmy b - . e
} S S i
S SRR S
p Tobn
S ek h

Figure 13 Block Diagram of DC Resonant Charging Systoem

The prime mover was a 150 horscpower teneral Flectric
DC dynamometer. The generator was a DOD standarl 15KW,
JOOHIZ generator. A DC power supply was used for the veno
ator exciter instead of a voltage regulator. The transtormer
had a voltage step-up ratio of 11:1. The liquid cooled full-
wave bridge rectitier assembly had a nominal current capacity
of 3 ampercs per leg and a peak reverse voltage ot 03RV,  The
charginyg inductor, capacitor network, tubce switches, and the

load were connected in the circuit shown in Figure 11,
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Figure 14 DC Resonant Circuit

Fach of the six stages shown had a 0,130 capacitor
and an 11 ohm load resistor. The charging inductor was 2,85
Henryvs., Tne tube switches were G G 6 hyvdroeen thyratrons
model HY-1A with a peak forward voitage ol 20KV and a peak
current of 0.5KA.

The schematic diagram ot Figure 15 shows the test cir-
cuit with the test points marked a thru e,

The 0.0075uf capacitor was connccted at the output of
the tull-wave bridee rectificr to protect the diodes from
damage by a voltage spike.

Two high voltage contactors were used in the operation
of the pulscr. The tine contactor K2 controlled the pulsaing

by opening or closing the DO bus into the puifscer.  The "damp”

Sl
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!
contactor K closed atfter K2 opencd so that any remainin.
voltage on the network was Jischavee! thra o 705K ves g -tor, !
Note that a Jrode was connected berween the chareans
inductor and the capacitor networkh,  Ihis 1s to prevent o
current in the direction o!f the inductor when the pulser
discharged ar a rate slower than resonance.  Othe wise a hich
voltage spihe 1s revlected back to the rectificrs and da
Hayoocdur.
X
Fhe instrumentation Jdiavran tor the conorator 1o 0 ,
in figure 1o, This wade 1t possibhle to read the averacce g

values of the phase voltage, current, and pover Jdelivered

by the gencrator at all times.

A

Desceription of Pulsr

A 1

Aoschematic diacram of the pulser built by RGO G
shown 1n ticure 17

A oswmall oinductoance of approvimatels D00 hon coertes with
the thyratrons was used to set the voltace in the capaciiors
to an initial necative value,

Metal oxtde vavistors (MOV) were used to nupress any
high-voltave, hich-frequency transients to vital couponents
of the system.

The triggering cirvcult {or the tubes consists ot u

function generator whose output is connected te the thvratron
driver.  The frequency of pulsing is set by the function
generator.  The output of the driver 1s connected threaeh

matching transtormer to a i pesistor and an MOV conned ted
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in parallel. One output terminal ot the transformer scoondary
15 grounded to the chassis and trom the other terminal 4 coaxial
cable connects to a 3000 resister on the grid of cach tube,

Fhis arrangment  proved to he susceptible to notsc and lod

to talse trigeering of

Ihe heater
composcd ot a
schematic.

v b ocurrent
current and a 0,1
an amnmeter
load

Both the

cether to one point

clrcuilt

transtormer

was provided

rerurn

the thyratrons,

tor the not-cathode thyratrons s
L
and tilament choke as shown In Uhe
Fl
d
b
transformer was uscd to nonitor the load g
[
resistor on the low voltage retarn nwith :

for averoce charcing currvent roatin, -,

and the chassis where broucht to

and grounded to the building grouna.

Modifications Made to the Pulser

tlectro-macnetic

transioents

coupling, ov
threu the elctrvical connections, were causine the tabhes o
pre-tfirve when the bine contactor A was clo-=ed. v b oh
voltage, high frequency voltace sprhe was ob=crved in the
arid oo the talse-triceeved tube.

o prevent this some =<ianal lioes were re o pyonbtod e
frow hich voltave tines and daplicate sround were Gy
nevted te eliminate any possible vround foopo, TR U A T
the probles butr Jdid not eliminate 1t banalls N (A
connected, ope to ecach tube from srid to catlo e el th '
Cal et cooriny was ebimanated,

ihe  prove ! the raportance or the phs ooroal fbaeoat o




the components and the proper routing

clectrical signal lines In thix type

OUperation ot Pulscr

With the vencerater rapnine at o ri

contactor K2 opeon, excitatlion wa. anp

voltaee te the Jdesired level.  hen
gliven. Fhe Jdump contactor &1 openeld,

K2 closed, and the pulscer oporated,

K2 opened and then K1 clesod to dr-¢

In the network.  Pulsing tfregquaency wis

function cenerator,

aeneral Approach
The pulscer was operated
readines and photocraphs o nsoil

When a Ji=savreoment beteoon o

measured pertormance wa oo

CAu=e was made. I cach e el
were corrected or o additions ooy oo

were made.

The tirst »art of the o oo
DCoresonant charvean. ob Do
forms 1 tallowe Db the el
Phe cqupoent oand pnstrrentat oo
rosi bt ot re e o

and shielding of

oL svstem,

ted speed and the line

Pied to bheinge the DU

ne ol cormaand was

tae line contadtor

'

P e top'

aree the enorgy letdt

soaliyaroted waith the
[ [ HI O Ve A
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ool et t oo an
! it oo anto the
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The second part of the report presents the theory ot

AC resonant charging. The experimental sct up i Jdescribod
and observations of the operation of this syv=ten arce Jdis-
cussed.  No data was collected on the AC resonant <vaten

since problems with the triggering circuit were not -olved

in time tor this report.,

e




et
Prose bower oo tern
byherator
Fleure 18 and 19 are photovvaphs ot the vencrator
voltage and current, and the transtormer sccomdary voltage
and current (sec Figurce 157.

The ripple caused by the cormutation of the current

on the rectifiers is scen cn all of these wavetnyrs,  Une :
charging cycle has a duration or 9.1 msec corpared to

N

2.5 msec for one gencratcr cyele. S5 one charcins cvele

15 almost four generator cveles., This can be clearly seen
in Figure 18a where cvery ooy ovoles the wavelnrn of tho

current 1s repeated. Phosc plactographs Sorrespond to FHRK

output power from the oencerat oy

Vibration and Heating

The generator vibrated at the pul=ine {regquoncy.
The torgue pulsations werce caused by othe load carrent
pulsing. Also becuuse of the lrreaular cencvator voltase
and current waveforms the cenervator heated faster <pnce

this caused increased losses on the windings.

Voltage Regulator

Fioure 20 shows scope traces «f the appat volta o

{top trace) and the capacitor et vnltace o0 tt trace!,
The oscillations oy b’ o oot P thie
voltage regulator, R U O e ecabhatyons

R LR 1 . RERERNE fl\(.

damp to a smaller vaeni o
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et 3.

Figure 20 Scope Traces for the Pulser
(Test Points C and D respectively on Floure 13)

operation of the pulscr.  The reason for this malfunction
was not investigated and a DC power supply was connccted in

place of the voltage regulator for the cxperiments,

Sag on Output Voltage

Figure 21 is a scope trace for the output voltage
(top trace) and the inverted charging current (hottams
trace). The output voltage sag follows the shape of the
current very closcely,

The frequency of the ripple on the output voltage is
2A00HZ. Because of the big charging inductance the voltage
will be cquivalent to a DU voltace with a sinusoidal sayg
following the current waveshape. This criteria was used

for the theoretical analyvsis,
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fow pulses and then both voltapyes roenamn ot v corstant s g
] level,  This 1= because the generatos has ooonatant 0 (1

and when the generator is loaded the average ontoar v o0

talls to a lower valuce., Another obscervation Ureoo
i . . . , .
: photographs is that the magnituade of tie rip; e o o
!
! : . B, :
\ bus voltage is smaller tor 400 HI than for tire !
1
| - L
tregquencies., :
.
Pulser Pertormance
Petfore delivery to MERADUOM, where this on
took place, the pulser was tested at PRADCON ¢ : S
worked proverly.  The prime power rver DR
rectiticd hich voltage power tine with a bank o0 o
to provide a stiil DU voltage.
Resonance froequency wds nicasured b P17 b et e e g .

voltage in the cvapacitors was 170V for a DO inrar v 00
of 8KV, This can be taken as t. e control te-t i

input was for all matters an indinite DO bn

Network Voltage and Charging Current
- e . e — . At S0 e MY e e e —

Ficure 25 shows the DO bus veltage, or iapat v b o0 o

the charging current for J92KW generator output povor, Co
visual oinspection of the scope traces of i v

following values were obtained for this case:
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I'he resonance frequency was 1ho.oll2 and P o= 0. 055 tor
this syvstem. The computer calculated value of \(iﬁr‘ Wit
L4.8KV.  lFigure 2o shows the DC bus voltage and capacitor
voltage tor this case. The actual value of the capacitor

voltuage was 15,.0KV which is very c¢lose to the calculated
value the theovetical peak charging current was 7.0 Ay

and the average power was 35.0KW.

Resonance 'requency

The resonance frequency did not change with powor oo
A universal bridge was used to measure cach of the 1. o
citors and the total capacitance was 2.58 uf. The ndnctiance

was measured by applying a high voltage at 100 HI und

measuring voltage and current to ontain impedance, i
inductance obtuained by this method was 2,85 henryvs and the
resistance of the inductor was 0.5 aohms. LThese values fon

the circuit components vield a resonance frequency ot 10
Ho tor no sag. This is very close to 117 HI mecasurcd at
ERADUOM,

Pable 2 below summarizes the actual and catcul it
vales Corotwo casces, third case is for no sap of the inpat
voltasc and s included for contrast.

theoretical values were obtained with the tierst compatar

croer e Another case is presented in Appendix ¢
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[11 VO Resonant Chareay
> b
S R E

Theory

fatroduactron

Worcesonant charglng systems are less comronly useld

than U resonant charging svaton, Phoere are any 1roasans
oo thee, the concept of vore cnaat Chin e ans Lo con e

ab by omore cosrlreated and poses sttt g oot

reanremnent . Vosiador oo lhvantaooe ot v S B T ot

= that it poes not o intreduc torague palooation ot

Senerator o at o the vualae repetityo oo ate, . ! T S
voltae it corrent o owav et o e ; RN :
Powe !l odtpat o cat o he o cante s L e vl S, e ciieoat

Proeldlr carrent ther b0yl

Veoore stind oS are o deted o v r s gt S
the more itiractive this inter C i
pulsed power sapplies (Rer
Analy o1

AN charying crreart o cin e e re ot o s L e
SN _ !

e T,
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by Co=tw 1t
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Proure Jo 0 AC Charevings Circait




The cquation

reterence 1ochapter @,

tor AU

resonant o chare oy

These equation s e ot

sented here ~ince they woald not contribure to the
ot this discus=ion.
Halt cvele  AC resonant chavylng was asedl Lot
Fhe circult resonance frequency has o be cgue v iy
alternator trequency, or
W=
a
The condition tor resonance 1s {Ret 1:385)
l 1 (,\\ o= 0 .
The voltace stepup ratio at the time ot Jdischarge iz
tor halt o<yvoic charging (Ret 1:388)
VC( ) . VO )
— = o (1 - < ) sin ¢ 4+ == (1 - 5= ) R
oo 0 ¥ ; 0
N . 1Q Ey 20
wWhere Lh is the peak AC input voltage, + is the plhiase ot the
input voltage, Vo 1s the i1nitial capacitor voltage, and
LW
a 1
‘3 = = = t 1 L‘ }
R RL“'I
bgquation (9 1s true for n/2Q<<l. FPor nepligible lossex
Lquation {9) becomes
\c(M n V0
. .
- = 4 SIin b o+ = (1
|3 2 I
b b
11
mncsnthntsanetl DE—




Pquation ol and other solutirons an :reterence | oindicat:
that rTor maximur ctficiency ¢ has to becloseto =720 AL tia
peans IS that charging should start at or near the beginnin:
ot « halt cvele ot the 1nput voltauge.

ihe ditrerence bPotween the resonance ireguency ot the
individuat circuits and the alternator fregquency ¢an be up
to 107 withont significant cetftect on the palser overation
(Ret 3. Ihis 15 a great advantage civen that a hiveh power
AU resonant svstem requlres many rosoniant ciecitits that necd
to be tuned at the alternator froquency.,

Experimental Lquipment and instrientation
Fioure is o block diagrar of the oaperimental svsten
q
N SR
g DL PORER
N "l surpLy |
N S .
ThaneT I - - T
v N
L
Fronre Biock Diagram of W Kesonant Charying Syvsten
1
nhitin mennettnne e e -




tinvratrons model HY- 1A with a peak forward voltioe o oy
ansloa poeas

The Jdynamometer, penerator, and DU power supply were to
same used tor DO resonant charging.  Three transiormers
with a voltage step-up ratio ot 18.5:1 were connected in
Y-Y ocontiguisation.  lhese three high leakave transformers
provided the total charveing inductance. The AC resonant
chavging circenit 1= shown in Figure 28,

—— Y 5 -
. e —
A
v 7 Y i y F
L - - e .
Ti3nf == =, = =T = i
'Tj/‘A r . r\, '—i 2, f ' A - e
o~ Vo R .
2 : b . e o R e LI PR
—————— . — - — O —————— & - e s - — & -—

Ficure 28 AC Resonant Circuit

This circuit has two 0,33 uf.

capacitors jier =t

one for ecach haltf cycle of the phase voltage.  The

wers <tacks with a total PRV of 30RV and o nominail oorrens
o 200 \NMP e, lhe load for cach of the =ix staces wi an
Lol resistor, Fhe tube switches

were Fons hvidreen

current ot 0 SR\,
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level tor the sensing cirveult, the logic hox started
triggering the thryatrons at the proper time. The output
power ol the pulser was vegulated by controlling the exciter

current.
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Resonance Proepaency

he resonance frequency of one of the circuits s

caleulated nest.
From Appendin Bothe Jeakape reactance oif one

former was 61,11 percent, or

The leahaoe inductance for J00 I was therefore
[ = D = (255 HENRYS

Vlso {rom Appendix D the alternater leakave

was 0,050 per unit, or
CL515 ohms,

The transtormer voltage ratio was 8.5 50 at the

the alternator lteakave inductiance was

0,505 -
T oye T RYS
(IO v /s SO HENRY

L= (13,507 4+

Fhe total chareing inductance was thon

S e 00 RDT HENRY S
. 1 d ‘
and the resonance frogquency with ¢ -o0ds of
ro- R R AR
’ Vo T

A N R N BT

which 1= very close to 0o (o

Lrans -

rosotanee
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betore entering the loglc trigeering box.  Inside the logic
box a4 cero crossing detector civeuit and a timing circuit
tor cach pha=e generated the trigeering siynals.  The delay
of the trigeer pulsce was seor by adjusting the timers,

Whon the maynitude of the input veltage went above that
shown in Fiecure 30 the triveerine cirenrt eencritted zultiple
triveer signals per hall cvele discharving the capacitor s
betore they reached maximum voltage.  4Thiz was ¢ maltunction
caused by the electronic logic circuit, this problen was not
solved 1n time for this study.

Since the logic box worked only for very low veltave,
and theretore low power, no data was collected on the svatoen
pertormance.  Genceral observations of this svstem are pre-

sented in the next chapter.




[V Conclusions and Recommendations

DEoresonant charging its better known by people in the

ticld ot pulse power and is used more commonly than AC
resonant charging.  The problems presented by DU resonant
chareing on this study were vibration of the vencrator at
the pulse repetition rate, irrevular voltace and current
wavetorms in the generator, and lower pertormance ot the

DC resonant circuit due to input voltagse sac.  On the other
hand, a DC resonant charging svstem io vather simple to
construct and simple to trivecr and controel.

An AC resonant charviny svstem has more hardwarve than an
cquivalent power DU resonant svsten and palsine fregoency is
Timited by the cencrator {requency.  AMso controls and
trigeering are far nore complicated.

AU resonant charging Jdocs not causce a negative pmpact oon
the ecenerater and this makes 1t verv attractive,

Fecause ot the hich voltaces and physical proximitye o
the vommonente electromacnet o phenorenn wi bl conse profboms
tor the =ienat Tines, Proper Shteldinge and routaing of the s
Fines togcther with transient suppre-<ors ol che MOyt~ 0oy
have to he used.

Fhe cenerator voltare contral tor DO ove onant Char g

Wit s a0 problen o the o periment s g thee altormative o
teedtorwar! voltacc control <honl b be conaandere b, [he ~oar
of the Db voltape nee ot be s et tor by et
mance adoct i reney e 0 N e anant char oy e th
B,
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1t thiz s done, DO vesonant charging will be a sati- ractor:
method tor this Kkind of power supplies, eacept pos-ab by 1o
airborne power units,

More rescarch on AU resonant chuarging s onecded, ooped
tally on trigpering schemes, AC resonant charging oy owith

no doubt oo better inteviacing method trom the prime powe:

-

svatem point of view.

Y- W

Recomnended Additional Work

!
DU Resonant Charging
fnvestivate the cause of itnstability of the voltag. 1
_ 1
revulator and consitder the approach ol tfecdliorward voitace
vontrol. ;
b
NDetine what systoem porancters, and how thes Do, Soted
sine the magnitule ol the DO voltage =ag.  suggoest Cidnes :
in the sv-tesn to wrnenize this sae,
fostal D MR AOM conltrols ana oporate the svaten, aabce
necessary choang s taoimprove Uhe syvsten,
AV Resonant 2 harving
Arres U b Y et s oy [ ISR
Utect oot AW resenant charcine on the cencrator. o tady

palser o pertorance amd o caompare to theary

RO o - PR —
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APPENDIX A

Mathematical Analysis of DC Resonant Charging

The diftferential equation for the circuit of Figure 1

,
d“g R dq
dt” dt

L

+

V(t) (A-1)

(@R

where ¢ i1s the instantaneous charge on the network.
The input voltage to the network V{t) was repre-

sented as in Equation (1) repeated here for convenicence.
Vit) = hhb (1 - K 1 (t)) (1

where ic(t) is the charging current as a tunction of time, K

1s a co: -tant and | is the peak input valtage.

by

Figure A-1 shows the plot ot lquation (1) for two

charging cycles.

[ad /

Fienre A1 Plot of Tl for Two Charpging (yveles

——

-




i,

The constant kN Is et

ned

hv

Lqaat e 00 el

A
K= S
= T— . i
cp
where l‘) i the peak value of the charging current. S SR SN
.
1 ouir = 0 and tgquation () 1w then
¢ cp
Vit ! tl-R )
hb 3
therefore A is the sagging constant and huas values fromn
zero to one.  for example, if K. = 0.1 the input voltanc
Vit) has o osagcing of 1oL, 1f K= 005 the =sapeiny is ~
and so on.
d(l
Substituting dt tor 1 1ty and combining Fguatinns (4
C
and (1) we obtain, atter reavranging terms, |
N . :
J_i{ + (R~ \ I, dﬂ ' l,‘ = . 3 -
J [ hhJ o ivh
o
now let
N R+K [ N
. b= bt and W7 o= L
) rooo 2T S Lo
cp
then Fquation (33 hecomes
d7y oody . 1 ,
S i B - .
5 ¢ 2h Tt “O q | I}u!\ AU
Jdt
Pquation 1) a5 <imilar to tiat obtaincd by Slasoe andd
Pobacgs ket 1:350-500) the ooly Jitderence vaoan
detinttron of the constant b, Phe colutron tor bgquation
l\' 1? AT
__—




yh - .
1 (t) = —”‘ B cbt sin wt
Wi,
! b .
+ 1 ¢ )t(cos wt - — sin wt) (A-5)
Q 1y )
and
. . . -bt h .
= 1, : - ¢ 0SS Wt o+t — SInow
\C(t) b h ”hh o (cos wt L Sin V)
I
o - . .
+ —L e bt sin wt (A-0)
W
where
\'O - Initial capacitor voltage
I() - Initral iaductor current
w - W7 - hT - resonance tfreguency

Equations (A-5) and (A-0)

arc the expressions for the charging

current and capacitor voltage rvespectively.

Evaluating Lguation A
cexpression for the voltage

discharge.
\- . (l‘ ~) - [ ])h + [I.']\h -

The maximum valoae of

voat to= '?'r L W tind the
\

in the capacttor at the time of

-b \.\' -

Vol oe (\ 7

lquation (A-51 1s found by ditter

entiating the expres-ions and setting it cqual to zcero.  fthe

imitial current I‘ isoassumed equal to zero. This s corredt
{

hecause at resonance (” 18

cero and near resonance I” I~ i

very small onumber,  fhe time o oat which fquation oV 51 has

aomaximun ovalae 1.

A

'S




} C
58
then
| \ .
) }\'. \» -t
N e T ¢ S .
v i
In order to cvaliatc the cons4tnt o we eod Lot
I' -
e tanction ob i, e vt yive tin tooa e o )
value or r =Rk /1 0 g cvaluate bhoothen e that o vebne oo 4
= U e
howrth Dguation - IS to b ! -
o
Maltipveng i Vot i R O S AT g
i D
Wil sive the v { L M=t ant R ey whiion
oot~ calonalat on : ™
vocnal o oandy ot ance wis connedted ano 2ot ies owitho the
thavratron tiahe s rr o Dooan o inttial o neoative valtase »
' +
Pl anitial veltao was pronortional to tho coltace i Ut

capacitor at the dischar

and was oa-ed Tor o catoioat

substituting v A
L)

for V {0 1 we ohtan,
L

el
VT s -
« 1 ! o1

[ .

or solvine for Vo,
(A}

Peb NP
1

o " Ty
]‘\

Paquations (A-180 and (v T were uzed in the conpoten

progran:s,
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APPENDIN B

Computer Programs

Figure B-1 shows the tirst of the two computey programs
developed to obtain theoretical =olutions. This program
calculated the resonance freguency, peak capacitor voltage,

peak charving current, averapge current, average voltaco, and

average power for increasing valucs of input voltage =suay.
The program required as input the value of the crrcuit

components, the peak input voltage th, and p(=f\“gY_ffy').

1 -

The output was the data displaved in VFigure 1 throngh
in Chapter I,

Ficure B-2 shows the sccond fortran program. This
program calculated the ratio of charging current to average
charging current and capacitor voltage to pcak input voltage
Vversus time.

The program required as input the value of the circuit
components, peak input voltage, P(=—VO/YC(Tr)), constant
K=K /]cp)’ and repetition {requency.

The constant K was found by running the other prograr
first to obtain the set of plots for varving sag constant
Kg . The value of peak current {or the sapg constant of
interest was read trom the proper curve and K was calvulated,
I'f the line where \'O is detined for the scecond time in the
program {(sce arrow) is changed to VO = ~Phhh V(_ the program

can he run for repition frequencies higher than resonance.
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This program runs tor more than one cycle by storing
the final value of the current as the initial valuce fo
the next cvele and resctting the voltape in the capacitor
to a4 negative value proportional to the voltage at the
time of Jdischarge.

The output of this program was the Jdata displaved in

I'igure 8 through 12 in Chapter 11,
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Figurce (C-1) shows the DO bus voltave ana the charciny

current for 15KW output power of the zencerator,

DCOoBus Veoltaze o]0 and
{5RV/Adiv, 2A/d v

Scope Tracve of
Chareing Current

Figure -1

From visual Inspection of Fisure ¢€-1 the tollowing

values are obtained:

l'bh

| = 1.0 AP

cp
the resonance {equency was 100, 6T and boon. The cor
putcer calculated valne o Y((]rv was IS RV Parrare 0 2
shows the DO bus voltace and the capacitor voltarse o th
casc.  The actual valae ot the peak capacitor veltase wis
R N
l I
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Figure C-2  Scope Trace of DC Bus Voltage iov! and
Capacitor Voltage (3KV/div)

the theorotrcal peah charging arroent w0 AW the

averave power TRL, and the resonance Creauenoy Lo 50

y { A —~ .
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Major Parts List

teneral

DYNAMO - ab Poo HE Jdyvnamometer

CENPRATOR - 15 KW DOD Standard
o O N O R 0 A
FHYRATRONS - AN SOLS, OMI Peak Power

SORY Peak ANODD Valtaco, Lk

Peak Forward current

DO Resonant
[ranstoroer SORV L b b e e

Rectitiers Fiouid cooled westinviious

Rectitier assembly, 00 KU, PRV, 30 "M poec ol Cas s

\C _Resonant

iranstformers Phree 300 10T dranstormey ., b liog
Foo We secondary nominal current, ol 41 02080 ¢ 00 g
leakape reactance and Fo05 0020 3007 noore o dstance e
tivels.

Chareine PMiode s - rectifior el

nominal current.,
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